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A heavy-fermion superconductor UPt3 is a unique spin-triplet superconductor with multiple super-
conducting phases. Here we provide the first report on the first-principles analysis of the microscopic
superconducting gap structure. We find that the promising gap structure is an unprecedented E2u
state, which is completely different from the previous phenomenological E2u models. Our obtained
E2u state has in-plane twofold vertical line nodes on small Fermi surfaces and point nodes with linear
dispersion on a large Fermi surface. These peculiar features cannot be explained in the conventional
spin 1/2 representation, but is described by the group-theoretical representation of the Cooper pairs
in the total angular momentum j = 5/2 space. Our findings shed new light on the long-standing
problems in the superconductivity of UPt3.
PACS numbers: 74.20.Mn, 74.20.Pq, 74.20.Rp,74.70.Tx
Identifying the pairing state and the pairing mecha-
nism is one of the most interesting and important is-
sues in the field of unconventional superconductivity. In
particular, a spin-triplet type of pairing state attracts
much attention, since there are few examples except for
the superfluid helium 3. In the strongly correlated elec-
tron systems, the heavy-fermion superconductor UPt3 is
one of the rare candidates for spin-triplet superconduc-
tors [1, 2]. The most impressive feature of this material
is the multiple superconducting phase diagram. At zero
magnetic field, there appears the superconducting double
transition into the A phase at the upper critical temper-
ature T+c ∼ 540mK, and then into the B phase at the
lower T−c ∼ 490mK [3]. Moreover, the C phase appears
at high field and low temperature in the H − T phase
diagram [4, 5]. In each phase, nodal quasiparticle excita-
tions have been observed [6–9], and also the time-reversal
symmetry breaking has been reported in B phase [10–12].
In spite of these prominent features, the superconducting
gap structure still remains to be solved. Many scenarios
have been proposed based on the phenomenological ap-
proach so far [13–16]. Among them, the most promising
gap symmetry has been widely believed to be E2u mod-
els [1, 17–19]. However, recent measurement of the field-
angle resolved thermal transport has detected in-plane
twofold oscillations in the C phase [20]. This result is
inconsistent with the proposed E2u models, because in
the group-theoretical argument, it is believed that the
E2u models do not have such in-plane twofold symmetry.
Such twofold symmetry seems to be rather compatible
with the E1u models proposed in Refs. [21–23]. This is
also supported by the following observations. A small
residual thermal conductivity [24] suggests the presence
of point nodes with linear dispersion in the E1u models.
The Josephson effect [25] with s-wave superconductor is
compatible with E1u planar states. Thus, recently, the
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E1u models [21–23] have been revisited. This strongly
promoted the field-angle resolved specific heat measure-
ment. However, the complimentary measurements have
not detected any signature of in-plane symmetry break-
ing in any phases [26]. Although this seems to contradict
the result in the thermal conductivity, it is expected to be
explained by considering the multi-band nature of UPt3.
If the twofold vertical line nodes are located on the Fermi
surface (FS) with a light band mass, then the twofold
oscillations will be more remarkable in the thermal con-
ductivity than the specific heat measurement. In order to
clarify how reasonable such plausible story is, the micro-
scopic analysis of superconductivity including the elec-
tronic structure in UPt3 is worth consideration [27–29].
In this regard, recent progress on the first-principles theo-
retical approach allows us to investigate the gap structure
microscopically even in the complicated band structure
like the heavy-fermion compounds [30–32].
In this letter, we provide the first report on a micro-
scopic theory of superconductivity in UPt3 based on the
first-principles approach. Generally, it is difficult to ex-
actly evaluate the effect of strong electron correlation in
f -electron materials. Instead, we study probable candi-
dates of gap functions based on the Fermi-liquid picture
as a first step to understand unconventional supercon-
ductivity in UPt3 [33]. We find that the promising gap
structure is an unprecedented E2u pairing state, which is
supported by the j = 5/2 representation of Cooper pairs,
instead of conventional pseudo-spin representations. Its
nodal structure is completely different on each FS; the
point nodes with linear dispersion in the large hole FS,
and the twofold vertical line nodes in small electron FSs.
These features are not expected in the well-known phe-
nomenological E2u model. The low-energy nodal excita-
tions are similar to those in the E1u model rather than
the previous E2u model. The peculiar properties can give
a comprehensive explanation for the above-mentioned
experimental observations, including the seemingly in-
consistent result between the thermal conductivity and
specific-heat measurement. Thus, the exotic E2u gap
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2FIG. 1. Orbital-resolved Fermi surfaces in our tight-binding
model H0, obtained by the first-principles calculations. The
colors correspond to the weight of jz component in the total
angular momentum j = 5/2 space. In the text, (a)-(e) are
referred to as band1-5, respectively.
structure is the most promising pairing state in the su-
perconductivity of UPt3.
Fermi surface and model Hamiltonian — In studying
the superconductivity of UPt3, the itinerant 5f model is
considered to be a good starting point, since the Fermi
surface in the first-principles calculations has been par-
tially supported by the de Haas van Alphen measure-
ments [34, 35]. Following the previous studies [30, 32],
we here figure out the magnetic fluctuations in UPt3,
based on the first-principles theoretical approach.
First of all, using the WIEN2k package [36], we calcu-
late the electronic structure of UPt3, and then construct
an effective tight-binding model [37] in the Wannier bases
using the wien2wannier interface [38] and the wannier90
code [39]. Here we employ the space group P63/mmc,
which holds the in-plane six-fold rotational symmetry.
Note that the so-called symmetry breaking term is not
included [40, 41]. Our model Hamiltonian is composed
of 120 Wannier bases, containing U(5f), U(6d), Pt(5d),
Pt(6s) orbitals and spin degrees of freedom. These bases
are transformed into the bases of the total angular mo-
mentum j. In this case, due to the moderate spin-orbit
coupling, the orbital components of the bands crossing
the Fermi level are dominated by the j = 5/2 multiplet
of U(5f) orbitals, and the j = 7/2 multiplet is located at
much higher position.
The obtained FS is illustrated in Fig.1. Colors on the
FS, red, green, and blue, correspond to each weight of
jz = ±5/2, ±3/2 and ±1/2 components, respectively.
The FS topology is well consistent with the previous stud-
ies [2, 42, 43]. The FSs of Figs.1(b) and (c) have a large
contribution to the density of states (DOS) at the Fermi
level. Here we realize that each FS possesses relatively
separated orbital components, especially, the small FSs
in Figs.1(d) and (e) roughly involve only jz = ±3/2 com-
ponent. This characteristic feature is the key to the emer-
gence of the unprecedented E2u gap structure as discuss
below.
Magnetic fluctuations — Next we study the magnetic
fluctuations in the model Hamiltonian, including the on-
site Hubbard-type repulsions, U,U ′, J, J ′ between 5f elec-
trons, where U is the intra-orbital Coulomb repulsion,
U ′ the inter-orbital one, J the Hund’s coupling, and J ′
the pair hopping interaction. Figure 2 depicts the wave-
vector dependence of the magnetic fluctuations [37]. We
find that the most dominant fluctuations are located at
Q = (0, 0, 1) and (1, 0, 0). The Q vector corresponds
to the antiparallel alignment of the magnetic moment
of two U atoms in the unit cell. This is well consis-
tent with the observed dispersive magnetic excitations by
inelastic neutron scattering measurements [44, 45]. On
the other hand, the presence of the sub-dominant peaks
at Q = (0, 0, 1/2) and (1, 0, 1/2) may correspond to the
fragile magnetic phase transition at TN ' 5 K [46–48].
Indeed, this sub-dominant fluctuation is much enhanced
within random phase approximation. However, it needs
further investigations along with a problem of magnetic
anisotropy. Similarly to the previous study [31], the mag-
netic anisotropy of the uniform susceptibility is not so
large, and slightly Ising-type, χ‖(0) >∼ χ⊥(0). Although
this is the opposite to the experimental observation, we
need to consider the large contribution from the localized
f-electron part due to the strong electron correlations in
the heavy fermion systems. This is a challenging issue in
the future, and beyond the scope of this letter.
Superconductivity — Now, let us proceed to a study
of the superconducting gap structure. Possible candi-
dates can be obtained by calculating the linearized gap
FIG. 2. Magnetic structure of the bare susceptibilities.
(a)-(c) show the magnetic susceptibilities parallel to c-axis,
χ‖(ka, kb, kc), in kc = 0, 1/2, and 1 plane. (d) shows the mag-
netic susceptibility perpendicular to c-axis, χ⊥(ka, kb, kc), in
kc = 1 plane. Difference between (c) and (d) corresponds
to the magnetic anisotropy. Note that in actual, the angle
between ka and kb axes is pi/3.
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FIG. 3. Superconducting phase diagram for the intra-orbital
on-site repulsion U and Hund’s coupling J . The unit of energy
is eV [49]. Here we set the inter-orbital interaction U ′ = U and
the pair hopping J ′ = J . E2u state is predominant over the
wide range. Even if assuming SU(2) condition, U = U ′ + 2J ,
the tendency is almost unchanged.
equation at around Tc.
λ∆`m(k) =
∑
k′
∑
`′`′′m′m′′
V``′,m′m(k − k′)
G`′`′′(k′)Gm′m′′(−k′)∆`′′m′′(k′),
(1)
where ∆`m(k) and G`m(k) are the j-based gap functions
and one-particle Green’s functions, and also ` and m de-
note jz components of each U atom [37]. The maximum
eigenvalue λ equals to 1 at Tc. Here, the pairing inter-
action V``′,m′m(k − k′) is estimated within the second-
order perturbation theory [49]. It leads to an asymptoti-
cally exact weak-coupling solution. In this case, as shown
in Fig.3, we obtain two type of predominant spin-triplet
pairing states with two dimensional representation E1u
and E2u. This means that the present microscopic the-
ory supports the phenomenological candidates. In our
calculations, the E2u state is more dominant than the
E1u state over a wide parameter range. From these re-
sults, we conclude that the most promising candidate for
the pairing state of UPt3 is the E2u odd-parity state.
Next, let us elucidate the detailed microscopic struc-
ture of these pairing states. In Fig.4, we show the su-
perconducting gap amplitude [37] on each FS of band1,
3 and 4. Deep blue corresponds to the gap nodes and/or
minima. Slight fluctuation of colors is attributed to the
exemplification of the Blount’s theorem [50] and some nu-
merical errors. Strictly speaking, the Blount’s theorem
says that the symmetry-protected line nodes cannot ex-
ist in odd-parity representation except for a rare case as
discussed later. Therefore, when we do not single out a
specific basis function as in the present calculations, the
line nodes appear just as a “pseudo” line nodes, where
the gap amplitude is not exact zero. Hereafter, we call
the “pseudo” line nodes by the line nodes.
It is instructive to start with the E1u state. In such
two-dimensional representation, there are two kinds of
basis functions. Illustrated in Figs.4(a)-(c) is one possi-
ble gap structure in the E1u state. Another one is not
shown here. Roughly speaking, the nodal structure on
the FS at around the Γ point in Fig.4(b) is the f-wave
pairing state having one vertical line nodes and two hor-
izontal line nodes at kz 6= 0 plane. This nodal structure
is identical to the E1u model, which has been proposed
based on the observations in the field-angle resolved ther-
mal conductivity. Since the relevant FS has a large DOS,
the in-plane twofold oscillation should be detected also in
any experimental observations. However, this is incom-
patible with the observation in the field-angle resolved
specific heat measurement [26].
Furthermore, let us consider the gap structure in the
E2u state in Figs.4(d)-(f). Surprisingly, we find that the
nodal feature is completely different on each FS; a hor-
izontal nodes in Fig.4(d), point nodes at the top of FS
in Fig.4(e), and in-plane twofold vertical line nodes in
Fig.4(f). These nodal structures are completely different
from those of the previous phenomenological E2u models
despite the same irreducible representation.
Generally, the superconducting order parameter is
classified by the irreducible representations of the sym-
metry in the space group, since the linearized gap equa-
tion is separable for each representation, by virtue of the
identity property of the pairing interactions. For the
strong SOC, symmetry operations act on all the spin,
orbital and wave-vector degrees of freedom in our case.
If we as usual consider a spin one-half Fermion system
without any other internal degrees of freedom, then fol-
lowing Refs. [2] and [51], we can see that the only a pos-
sible type of p-wave gap function in E2u representation
is (dˆxkx − dˆyky, −dˆxky − dˆykx) in the d-vector notation.
FIG. 4. Superconducting gap amplitude,
∑
n′=±n |∆¯nn′(k)|2,
on the FSs of band1, band3 and band4 [37], where ∆¯nn′(k) =∑
`m
u∗`n(k)∆`mu∗mn′(−k) with the unitary matrix u`n(k) di-
agonalizing H0. n′ = ±n means a sum of the Kramers de-
generacy for bandn. (a)-(c) correspond to the E1u state, and
(d)-(f) the E2u state. Line/point nodes colored by orange are
pointed by arrows. We recognize that the nodal structure is
completely different for each Fermi surface.
4This minimal gap function has only a point node at the
top of FS. Even if considering its higher-harmonics, there
does not appear any twofold vertical line nodes. There-
fore, it has been widely believed that in D6h point group,
twofold vertical line nodes are allowed only in E1u rep-
resentation, and generally forbidden in E2u representa-
tion according to the group theoretical argument [51].
In this regard, our E2u gap structure seems to be very
curious. However, in our case, we need to consider the
Cooper pairs in the effective j = 5/2 space [52], instead
of conventional pseudo-spin 1/2. Such extension can be
performed with the help of projection operator method
as in the case of spin 1/2. Thereby, we find that for the
minimal p-wave pairing, one of two bases in E2u repre-
sentation can be described as follows,
∆1(k) =

jz = 5/2 3/2 1/2 −1/2 −3/2 −5/2
c1(kx − iky) c2kz c3kx + c4iky c5kz c6(kx + iky) 0
c2kz c7kx + c8iky c9kz c10(kx + iky) 0 c6(−kx + iky)
c3kx + c4iky c9kz c11(kx + iky) 0 c10(−kx + iky) c5kz
c5kz c10(kx + iky) 0 c11(−kx + iky) c9kz −c3kx + c4iky
c6(kx + iky) 0 c10(−kx + iky) c9kz −c7kx + c8iky c2kz
0 c6(−kx + iky) c5kz −c3kx + c4iky c2kz c1(−kx − iky)

,
where ci (i = 1 ∼ 11) are material-dependent param-
eters. From the expressions of the second and fifth di-
agonal elements, we can verify that twofold vertical line
nodes appear in the jz = ±3/2 subspace. Similarly, we
find that the gap functions in the jz = ±5/2 or ±1/2
subspace yield only point nodes with the linear disper-
sion along c-axis, and the twofold vertical line nodes are
forbidden. Anomalous twofold vertical line nodes in the
E2u representation emerge only in the jz = ±3/2 space.
In UPt3, the FSs in Figs.1(d) and (f) involve plenty of
jz = ±3/2 component. Thus, it is natural that twofold
vertical line nodes emerge in these FSs even in E2u gap
symmetry. Moreover, it should be noted that these FSs
have a light band mass. In this case, it can be expected
that the in-plane twofold oscillation in the field-angle
resolved measurements is more prominent in the ther-
mal conductivity than in the specific heat measurements.
This can provide an explanation for the seemingly in-
consistent observations between these measurements. In
addition, since the FS around Γ in Fig.1(c) is almost com-
posed of jz = ±5/2, we recognize that the point nodes
observed in Fig.4(e) have linear dispersion, which can
be consistent with the small residual thermal conductiv-
ity [24].
In order to understand more about this unprecedented
E2u gap structure, let us dissect the superconducting gap
structure in Fig.4(f). Although the p-wave line nodes on
the kx = 0 plane are remarkable as mentioned above,
we can realize additional gap minima on the ky = 0
and kz = 0 planes. This implies a mixing of f -wave
component with the form of kxkykz dˆz, which is indeed
allowed in the group-theoretical arguments. Therefore,
roughly speaking, the gap structure in Fig.4(f) can be
described as a linear combination between the p-wave
kxdˆx and f -wave kxkykz dˆz in the d-vector representa-
tion in the jz = ±3/2 space. Interestingly, in this case,
under the applied field parallel to the c-axis, the Pauli-
limiting behavior will be expected in the upper critical
field. Although such suppression has been observed ex-
perimentally, we need further investigations, considering
the magnetic anisotropy.
Finally, let us comment on the horizontal line nodes at
kz = ±1 in Fig.4(d). As mentioned above, in an ordi-
nary case, there are only point nodes in E2u representa-
tion. However, in the non-symmorphic system like UPt3,
there exist additional C2 screw symmetry, which protects
the horizontal line nodes. The symmetry-protected line
nodes are known as one of exceptions to the Blount’s
theorem [53]. In the actual situation, however, the in-
teresting line nodes are simply lifted, or slightly shifted
from the kz = ±1 plane, due to the presence of a weak
symmetry-breaking term [41, 48]. This is a challenge for
the future.
Conclusion — Based on the advanced first-principles
theoretical approach, we clarify the microscopic gap
structure in the heavy-fermion superconductor UPt3.
We find that the obtained antiferromagnetic fluctuations
with Q = (0, 0, 1) and (1, 0, 0), which are consistent with
the neutron scattering measurements, lead to the spin-
triplet pairing states with E1u and E2u representations
in the D6h space group. The obtained E1u gap structure
is consistent with the phenomenological f -wave pairing
state. On the other hand, the latter E2u state, having
nodal structure different for each band, is distinct from
the well-known E2u models. In particular, the in-plane
twofold vertical line nodes emerge on the small FS, which
can consistently explain the field-angle resolved measure-
ments in both the thermal conductivity and the specific
heat. Such peculiar feature cannot be explained in the
conventional pseudo-spin representation, but is described
5by the group-theoretical representation of the Cooper
pairs in the j = 5/2 space. Furthermore, the study of
magnetic anisotropy and the mixture of p-wave and f -
wave with different d-vectors can provide a clue to un-
derstand the remaining problems of the Pauli limiting of
the upper critical field [17, 26, 54] and the anomalous
behavior of the Knight shift [55] and so on. These are in-
teresting issues in future, together with the understand-
ing of the multiple superconducting phases. Thus, our
findings shed new light on the long-standing problems in
the superconductivity of UPt3.
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Supplemental Materials:
Exotic multi-gap structure in UPt3 unveiled by the first-priniciples analysis
I. BAND STRUCTURE CALCULATION AND EFFECTIVE HAMILTONIAN
First of all, we perform the ab initio band structure calculation in the paramagnetic state of UPt3 using the
WIEN2K package [S1], in which the relativistic full-potential (linearized) augmented planewave (FLAPW) + local
orbitals method is implemented. The crystallographical parameters are the space group P63/mmc which holds the
in-plane six-fold rotational symmetry and the experimental lattice constants a = 5.764 A˚, c = 4.899 A˚[S2]. For the
self-consistent calculations, we used PBE-GGA exchange-correlation potential[S3], 12 × 12 × 12 k-point grid in the
Brillouin zone, and a cut-off parameter RKmax = 13. The spin-orbit interactions is included with the fully-relativistic
calculations.
In Figure S1, we illustrate the result of the band-structure calculations. Figure S1(a) depicts the GGA band
structure (red line) and its Wannier fit [S4–S6] (blue line). Figure S1(b) is the enlarged figure near the Fermi level.
We can see that the fitting works well. The effective tight-binding model is described by 120 basis functions of
U(5f), U(6d), Pt(5d), and Pt(6s) orbitals. The Wannier center of each orbital is located at around the atomic center
within numerical errors 10−3. Figure S1(c) shows the partial density of states (DOS). Blue, cyan, and magenta lines
correspond to j = 5/2 and 7/2 partial DOS of U(5f), and the total DOS of Pt atoms. We can see that the states
crossing the Fermi level are dominated by the U(5f) orbitals, especially, the j = 5/2 component. The j = 7/2 states
are located around 1eV higher due to the moderate spin-orbit coupling in U atoms. Therefore, we can expect that the
low-energy excitations in this system are dominated by the j = 5/2 components. Hereafter, we focus on the j = 5/2
electrons, and regards the other electrons as the conduction electrons. The kinetic term of the effective multi-orbital
Anderson model is described as follows,
H0 =
∑
k
{ f∑
lm
εlmfkf
†
klfkm +
c∑
lm
εlmck c
†
klckm
f∑
l
c∑
m
(
V lmk f
†
klckm + V
∗lm
k c
†
kmfkl
)}
, (S1)
where f†l (fl) and c
†
l (cl) correspond to the creation (annihilation) operators of U(5f) electrons with j = 5/2 and the
other electrons, respectively. The indices l and m run over all of spins, orbitals, and atomic sites degrees of freedom.
Moreover, the on-site interactions between j = 5/2 electrons can be obtained by transformed the following LS-based
form into the representation of the j = 5/2 space,
Hint =
1
4
∑
xiα
f∑
ζ1ζ2ζ3ζ4
Γ(0)ζ1ζ4,ζ3ζ2f
†
xiαζ1
f†xiαζ2fxiαζ3fxiαζ4 , (S2)
2where ζi denote both the orbital (angular) and spin quantum numbers. xi denotes a lattice vector and α is a label
of two U atoms in a unit cell. Γˆ(0) is the Hubbard-type interaction, given by Γ(0)ζ1ζ4,ζ3ζ2 = − 12S
(0)
ξ1ξ4,ξ3ξ2
σσ1σ4 · σσ2σ3 +
1
2C
(0)
ξ1ξ4,ξ3ξ2
δσ1σ4δσ2σ3 where ξi and σi denote the orbital and spin quantum number respectively. The explicit forms
of Sˆ(0) and Cˆ(0) are given by,
Sˆ(0) =

U
U ′
J
J ′
, Cˆ(0) =

U (ξ1 = ξ2 = ξ3 = ξ4)
2J − U ′ (ξ1 = ξ3 6= ξ2 = ξ4)
2U ′ − J (ξ1 = ξ4 6= ξ2 = ξ3)
J ′ (ξ1 = ξ2 6= ξ3 = ξ4)
(S3)
where U (U ′) is the intra-orbital (inter-orbital) direct Coulomb interaction, and J and J ′ represent the Hund’s coupling
and the pair-hopping interaction. In the actual calculations, we transform this representation of Eq.(S2) into that
of J basis, and then neglect the interactions with j = 7/2 space, since we focus on the low-energy excitations of the
j = 5/2 electrons as mentioned above. As demonstrated in Ref. [S6], momentum dependence of susceptibilities, which
is important in unconventional superconductivity, is well described within this approximation.
II. GREEN FUNCTIONS AND SUSCEPTIBILITIES
Here we provide a brief summary of calculations of susceptibilities within the random phase approximation
(RPA) [S6, S7]. First, the non-interacting Green’s functions are given by
Glm(k) = −
∫ β
0
dτeiωnτ 〈Tτ (fkl(τ)f†km)〉0, (S4)
=
∑
m′
uklm′u
k†
m′m
iωn − Ekm′m′ , (S5)
FIG. S1. (a) Band structure along high-symmetry line and (b) enlarged one near the Fermi level. Red line is the result of ab
initio calculation by WIEN2K. Blue dashed line is the Wannier fit. The dispersion below 1 eV is reproduced completely (c)
The partial density of states near Fermi level.
3where uˆk and Eˆk are the unitary matrix diagonalizing H0 and the energy eigenvalues respectively. The irreducible
susceptibilities are defined by
χ
(0)
l1l4,l3l2
(q) = − T
N
∑
k
Gl1l3(k + q)Gl2l4(k). (S6)
The RPA susceptibility in the matrix form can be obtained as follows,
χˆRPA(q) = (1ˆ− Γˆ(0)χˆ(0)(q))−1χˆ(0). (S7)
In general, the magnetic (dipole) correlation functions, χab(q), with χˆ(q) = χˆ(0)(q) or χˆRPA(q) are given by
χab(q) =
∑
αα′
e−iq·(ηα−ηα′ )
∫ β
0
dτ〈Tτ (Jαa (q, τ)Jα
′†
b (q, 0))〉 (S8)
≈
∑
αα′
e−iq·(ηα−ηα′ )(Jαa )lmχml,l′m′(q, 0)(Jα
′
b )l′m′ , (S9)
where ηα is a position of atom α relative to the lattice vectors and a, b = x, y, or z. The magnetic fluctuation parallel
(perpendicular) to the c-axis χ‖(q) (χ⊥(q)) in the main text is defined by χ‖(q) = χzz(q) (χ⊥(q) = (χxx(q) +
χyy(q))/2), given that a total magnetic moment Mˆa = Lˆa + 2Sˆa ' gJˆa with the Lande g-factor g = 6/7. The
matrix elements of Jˆαa can be obtained by the operator equivalent method as usual. From Eq.(S9), the periodicity of
χab(q) in UPt3 is (3, 3, 2) in the unit of reciprocal lattice vector. We find that χRPA(q) shows some peak structure
at Q = (0, 0, 1), (1, 0, 0), (0, 0, 1/2), and (1, 0, 1/2), as discussed for χ(0)(q) in the main text. For sufficiently large
interaction parameters, magnetic fluctuations at the latter two Q vectors are enhanced, and those at the former
two are concealed. On the other hand, the superconducting gap structure is not drastically changed for interaction
parameters, irrespective of whether the pairing interaction Vll′,mm′(q) is given by the second-order perturbation or
RPA. Based on these results, we restricted ourselves to the weak-coupling approach for simplicity.
III. GAP FUNCTIONS AND CLASSIFICATION
Figure S2 represents all of E1u/E2u gap structure discussed in the main text. These were obtained based on the
linearized gap equation Eq.(1) in the main text. Here we describe the way to classify the symmetry of the gap function
∆lm(k), which are expressed as a 12× 12 matrix in the j = 5/2 space of two U atoms in the unit cell.
Let us consider a generic space-group operation gs = {p|a} ∈ G, where G is the space group P63/mmc in our
case, p is a point group operation, and a is a translation associated with p. A creation operator f†kl(= f
†
kαζ) for a
wave-vector k, atom α and jz = ζ is transformed by gs into
gsf
†
kαζg
−1
s = e−ik
′·(η′α−ηα′+a)
∑
ζ′
f†k′α′ζ′D
(5/2)
ζ′ζ (p), (S10)
where k′ = pk, η′α = pηα, α′ = pα and D(5/2)(p) is a representation matrix of p in the j = 5/2 space, which
corresponds to an irreducible representation of SU(2) group.
In the mean-field approximation, the interaction part of the Hamiltonian is given by
HSC =
∑
k
∑
lm
∆lm(k)f†klf
†
−km + h.c. (S11)
In the group-theoretical classification of gap functions, we study the transformation properties of this Hamiltonian.
Given that a gap function ∆Γilm(k) belongs to an irreducible representation Γ, HΓiSC meets the following relation,
gsH
Γi
SCg
−1
s =
∑
k
∑
lm
∆Γilm(k)(gsf
†
klf
†
−kmg
−1
s ) + h.c. (S12a)
=
∑
k
∑
lm
∆Γjlm(k)D
(Γ)
ji (p)f
†
klf
†
−km + h.c., (S12b)
where i, j denotes a basis of Γ, and D(Γ)(p) is a representation matrix of point group symmetry. The gap functions
in Fig.S2 have been obtained with such classification.
4Finally, let us comment the E2u gap function in Figs.S2(f)-(j). As mentioned in the main text, symmetry-protected
horizontal line nodes appear on the kz = ±pi plane in band1 and band2. Point nodes at kx = ky = 0 are observed in
all bands, but remarkable in band3. There emerge twofold symmetric vertical-line gap minima in band4 and band5.
Such structure is robust, and observed in a wide range of parameters. On the other hand, the gap structure of band2
is complicated and fragile, since the symmetry argument is not applicable.
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FIG. S2. Superconducting gap amplitude on all FSs. (a)-(e) correspond to the E1u state, and (f)-(j) the E2u state. Blue color
corresponds to the gap nodes and/or minima.
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